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ABSTRACT
WET DETENTION POND PHOSPHORUS CYCLING DYNAMICS: EVALUATION OF
POND PERFORMANCE AND APPLICATION OF THE GENERAL LAKE MODEL

Caitlin Lulay
Marquette University, 2022

Anthropogenic activities degrade surface water quality by increasing nutrient inputs to
watersheds, which are transported via stormwater runoff and accumulate in waterbodies leading
to eutrophication. Wet detention ponds are a means of mitigating the impacts of these non-point
source pollutants, such as phosphorus (P), through treatment mechanisms such as sediment
settling and biological uptake. While these wet detention ponds are designed to serve as P sinks,
they have the potential to serve as P sources as well due to release mechanisms such as sediment
resuspension and algal decay. Many existing models used in the design and performance
evaluation of wet detention ponds do not consider algal release or sediment resuspension of P.
This gap between modeled P cycling and the state-of-the-science understanding of P cycling may
explain the widespread occurrence of unexpectedly high effluent P concentrations. To advance
our understanding of stormwater P dynamics to ultimately improve the models used in the design
and evaluation of wet detention ponds, we studied the temporal variation and biogeochemical
controls of P cycling in two wet detention ponds over a four-month period. Across the sampling
duration, total P concentration was reduced, on average, by 52.7%. Cumulative total P load
reduction was 89.5% across the sampling period. In all observed storms, total P concentration
was reduced. Total P load decreased in 7 events; however, in 2 storms, total P load increased
from influent to effluent. Elevated P loads were associated with higher total suspended solids and
particulate P indicating algal washout or sediment resuspension and marked variability in pond
performance. A sensitivity analysis was performed on pond P removal using the General Lake
Model which showed that P removal was most sensitive to pond volume and maximum flux of P
into the sediment which supports the value of dredging as a wet detention pond maintenance
strategy. This knowledge is important for optimizing wet detention pond P removal through
design and maintenance strategies that will mitigate water quality degradation.
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1 INTRODUCTION

Anthropogenic effects brought about by urbanization increase the threat of
eutrophication. Eutrophication is the biological aging process of waterbodies, which is
accelerated by the accumulation of nutrients, especially phosphorus (P) and nitrogen (N),
resulting in the degradation of water quality (Weiner & Matthews, 2003). While eutrophication is
a naturally occurring process, the rate at which it is occurring has rapidly increased due to
anthropogenic effects and climate change (Jeppesen et al., 2010; Rast & Thornton, 1996).
Urbanization may increase nutrient loading compared to previous land use due to increased
sewage discharge, fertilizer application (Huang et al., 2014), pet waste (Hobbie et al., 2017) and
agricultural animal production needed to support the growing population (Cross & Jacobson,
2013).
Controlling eutrophication relies on a community’s ability to control nutrient inputs into
surface waters. Due to the abundance of N in the atmosphere and P-limited algae dominating
inland water ecosystems, reducing P inputs, rather than N, limits eutrophication (Carpenter et al.,
1998; Fastner et al., 2016; Schindler et al., 2016). Minimizing P inputs limits the potential for
uptake by plants and algae resulting in reduced primary productivity and, in turn, eutrophication
(Dove & Chapra, 2015). Efforts to constrain eutrophication should emphasize P reduction.
P inputs from non-point sources are largely unregulated, presenting a major ecological
problem. Point source pollutants are pollutants that enter a waterbody by a pipe or channel while
non-point source pollutants are those that enter a waterbody through indirect conveyance such as
runoff or storm drains (Weiner & Matthews, 2003). Point source P limits are explicitly outlined in
Chapter NR 217 of the Wisconsin Administrative Code; however, a similar chapter does not exist
for non-point source pollutants. Non-point source P contributes to the majority of US surface
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water P pollution as compared to point source P, emphasizing the importance of non-point source
pollutant mitigation efforts (Carpenter et al., 1998).
Green stormwater infrastructure (GSI), such as wet detention ponds, is a means of
controlling non-point source pollutants, which are more difficult to regulate and control than
point sources. Wet detention ponds are designed to reduce peak flow during a storm event and
improve the overall water quality. Wet detention ponds have a permanent pool of water that is
designed to remove pollutants through the physical, biological, and chemical processes of the
pond, such as sedimentation or biological uptake (US EPA, 1999). These ponds are engineered to
serve as a point of collection and treatment of stormwater runoff before ultimately discharging
treated runoff further down the watershed (WDNR, 2007).
Wet detention pond performance, however, has been found to not meet P removal
efficiency expectations. Wet detention pond effluent total P concentrations have been found to
exceed influent concentrations (Song et al., 2017; Taguchi et al., 2020). Better understanding of
these high effluent P concentrations is needed and can be achieved through the investigation of
the time-variability of pond performance as well as the mechanisms involved in P cycling.
By better understanding and improving the models used in the design and evaluation of
wet detention ponds, these unexpectedly high effluent P concentrations can be better explained.
Many models consider only sedimentation as a means of P removal without including biological
uptake or release mechanisms such as resuspension and algal decay (Troitsky et al, 2019). In
Wisconsin for example, WinSLAMM is used to evaluate wet detention pond performance. P
removal in WinSLAMM considers only sedimentation and does not include biological uptake or
P release mechanisms, which represent the state-of-the-science understanding of P cycling (PV &
Associates, 2015).
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The goal of this research was to better understand pond P removal performance variability
and the mechanisms of P cycling to ultimately inform wet detention pond operation and
maintenance practices. This project aimed to answer the following research questions:
-

What climate factors and watershed characteristics impact P concentration and load?

-

Is P concentration and/or load reduced in wet detention ponds?

-

How do wet detention ponds affect P speciation?

-

To what climate, biogeochemical, and/or pond design parameter is P removal efficiency
most sensitive?
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2 LITERATURE REVIEW

2.1 Wet Detention Pond Background
2.1.1 Non-Point Source P
Stormwater runoff is a serious concern in urban areas where runoff passes over
impervious cover, collecting and conveying pollutants through the watershed. The vastness of
impervious cover and thin soils allowing for overland flow in urban environments results in less
rainfall infiltration and greater runoff (Konrad, 2003). Reduced infiltration and increased runoff
results in increased peak discharge, flood volume, and flood frequency (Konrad, 2003; Sheng &
Wilson, 2009).
In addition to impacting runoff and infiltration, urbanization also has an effect on
pollutant concentrations. Total P, orthophosphate, and total suspended solids (TSS)
concentrations have been shown to be greater in streams receiving water from urbanized land
cover as compared to suburban and rural land cover (Mallin et al., 2009; Valtanen et al., 2014). In
lakes, there is a strong positive correlation between impervious land cover and total P
concentration, a driver of eutrophication, as land cover shifts from forest, bare land, and
agricultural land to constructed, urbanized land (Huang et al., 2014). This increase in pollutant
concentration can be attributed to land use changes resulting in the increased presence of
anthropogenic pollutants (e.g., oils, chemicals, pet waste) as well as greater overland flow (Huang
et al., 2014; Konrad, 2003; Sheng & Wilson, 2009).
2.1.2 Wet Detention Pond Goals
Elevated pollutant loads in urban environments can be addressed through the
implementation of GSI. Wet detention ponds are a type of GSI practice designed to improve
water quality and reduce storm event peak flows (WDNR, 2007). These ponds extend residence
time, which increases the retention rate of suspended sediments through physical (e.g., settling)
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and biological (e.g., plant and algal uptake) mechanisms to improve water quality (Nayeb Yazdi
et al., 2021; Song et al., 2015). Changes to pond design influences pond performance by altering
the residence time allowed for pollutant removal.
2.1.3 Wet Detention Pond Design
Wet detention pond geometry is designed to achieve high pollutant removal while
reducing the risk of pollutant wash out. The aspect ratio (i.e., length-to-width) is a key factor in
wet detention pond design. A high aspect ratio approaches a plug flow scenario with a first-order
reaction, meaning that the reaction rate, or P removal rate, is directly proportional to the
concentration (Knight, 1987; Persson, 2000). This is beneficial to pond performance since high
pollutant removal can be achieved for events of high mass loading in first-order reactions. The
risk of hydraulic short-circuiting (and therefore lower than intended retention time), or flow
traveling directly from the inlet to the outlet, is reduced in ponds with high aspect ratios (Persson,
2000).
Pond volume strongly influences the hydraulic retention time of pollutants making it a
critical component of wet detention pond design. Often the surface area of wet detention ponds is
limited by previous construction; therefore, the depth is often the controlling factor of pond
volume (Sands et al., 1999). A shallow depth (1-3 m) is typical of wet detention ponds to allow
for better mixing which reduces thermal stratification (Liu et al., 2021) and, therefore, prevent P
release (Anderson et al., 2021; Frost et al., 2019; Hou et al., 2013; Moosmann et al., 2006;
Rabaey et al., 2021; Tammeorg et al., 2017). On the other hand, ponds must be sufficiently deep
to maintain a permanent pool to allow for the winter survival of aquatic species and prevent
sediment resuspension (Sands et al., 1999; Pitt, 2003; WDNR, 2007). Resuspended sediment is
important to P cycling and P removal performance as it can reintroduce P into the water column.
The pond design depth must be carefully balanced to be shallow enough to reduce the likelihood
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of thermal mixing while also being deep enough to reduce the likelihood of sediment
resuspension from mixing.
Another critical component to wet detention pond design is the pond area to catchment
area ratio. The catchment area must be considered in the design of wet detention pond area. A
smaller catchment-to-pond ratio will result in a longer residence time and allow for greater
nutrient retention (Liu et al., 2021; Nayeb Yazdi et al., 2021). By strategically designing wet
detention ponds, pollutant removal and peak flow reduction can be achieved.
2.1.4 Wet Detention Pond Performance
Previous wet detention pond studies show variable wet detention pond performance in
terms of P retention and removal. Some studies note strong reductions of total P concentration
from stormwater runoff by wet detention ponds which may be attributed to the diversity and
extent of plants in the pond, a sufficiently long retention time, and pollutant inputs occurring at
the uppermost end of the pond to reduce the risk of short circuiting (Eckert et al., 2018; Mallin et
al., 2002). However, other studies have shown poor P reductions by wet detention ponds (Liu et
al., 2021; Mallin et al., 2002; Song et al., 2017; Taguchi et al., 2020). A 14-month study of 85
storm events in a Madison, Wisconsin wet detention pond showed a maximum increase in total P
event mean concentration of 332% from influent to effluent (House et al., 1993). In a study of 98
urban stormwater ponds in Minnesota, 39 of the ponds had P concentrations that exceeded the
average stormwater runoff observed, indicating poor P removal (Taguchi et al., 2020). These
studies highlight inconsistencies in wet detention pond performance.
Wet detention ponds transform P speciation, increasing some forms of P while decreasing
others. P is present in stormwater runoff and ponds as dissolved organic P, particulate organic P,
dissolved inorganic P, and particulate inorganic P (Dunne et al., 2005). Soluble reactive P (SRP),
the bioavailable form of P, is primarily comprised of orthophosphate (APHA, 1999; Reynolds &
Davies, 2001). An increase in orthophosphate concentration is particularly detrimental as it has

7
the potential to cause degradation to downstream water quality by stimulating eutrophication
since orthophosphate is bioavailable and, therefore, readily uptaken by algae (APHA, 1999; Song
et al., 2013). Poor removal efficiency in combination with changes in P speciation makes wet
detention design and performance complex and requires greater understanding and modeling of P
cycling.
2.2 Phosphorus Cycling
In urban environments, P conveyed to wet detention ponds originates from anthropogenic
sources (e.g., fertilizer and pet waste) as well as natural sources (e.g., atmospheric deposition and
plant matter) (Yang & Toor, 2018). Once P enters the ponds, it is subject to mineralization,
immobilization, hydrolysis, removal, and release (Figure 1). Internal P loading is removed via
plant uptake, settling (Eckert & Nishri, 2014), and exchange across the sediment-water interface
(Gunnars & Blomqvist, 1997). Release of P into the water column occurs through decay and
decomposition of aquatic plants (Carpenter & Adams, 1978), sediment resuspension (Tammeorg
et al., 2013), and exchange across the sediment-water interface (Figure 2) (Gunnars & Blomqvist,
1997).
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Figure 1. Phosphorus speciation in a wet detention pond. Image adapted from Hipsey et al.
(2013).

Figure 2. Pond Phosphorus (P) mass balance. Inputs (release mechanisms) of P into the water
column are shown in red arrows and outputs (removal mechanisms) of P into the water column
are shown in blue arrows.
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2.3 Biogeochemical Factors Impacting Wet Detention Pond Internal P Loading
The P concentration and load entering a pond is influenced by build-up and wash-off
characteristics of the watershed. Greater P build-up in urban environments has been found to
follow longer antecedent dry periods (Chow et al., 2015; Miguntanna et al., 2010; Yang & Toor,
2018). Greater P wash-off has been correlated with larger rainfall intensities (Egodawatta et al.,
2009). Wet detention pond internal P loading is impacted by the concentration of P and volume of
water entering the system as well as internal mechanisms of removal (i.e., sedimentation and
algal uptake) and release (i.e., macrophyte, phytoplankton, and sediment release) (Asaeda et al.,
2000; Ferrante, 1976; Kistritz, 1978). The role of sediment in internal P loading is of particular
importance due to the potential for contribution of sediment-P release to the water column
(Jensen & Andersen, 1992).
2.3.1 Sediment Release Factors
The release of P from the sediment pool is influenced by oxygen availability, pH, and
temperature. Sediment-P release has been shown to increase under low oxygen (anoxic
conditions) (Ahlgren et al., 2011; Anderson et al., 2021; Foster & Fulweiler, 2019; Jensen &
Andersen, 1992; Tammeorg et al., 2017), high pH (Jensen & Andersen, 1992; Seitzinger, 1991;
Sondergaard et al., 2003; Wu et al., 2014), and high temperature (Ahlgren et al., 2011; Anderson
et al., 2021; Jensen & Andersen, 1992, Wu et al., 2014).
Oxygen concentrations dominate P release in shallow ponds. Anoxic waters result in
greater P release while oxic waters result in greater P retention (Ahlgren et al., 2011; Anderson et
al., 2021; Tammeorg et al., 2017). Accelerated P release under anoxic conditions is due, in part,
to the release of metal oxide-bound P (Ahlgren et al., 2011; Anderson et al., 2021; Jensen &
Andersen, 1992). Redox-sensitive metal oxides, such as iron (III), are largely influenced by
oxygen fluctuations. In the absence of the electron accepter, oxygen, iron (III) is reduced to iron
(II), resulting in bond breakage and the release of P (Foster & Fulweiler, 2019). However, if
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sufficient nitrate is available for denitrification, iron (III) will remain oxidized and continue
binding P as nitrate also serves as an electron acceptor (Jensen & Andersen, 1992; Sondergaard et
al., 2003).
Alkaline conditions are more favorable for sediment-P release. In a study of China’s Lake
Xuanxu, greater sediment-P release occurred under alkaline conditions as compared to acidic
conditions with the lowest release occurring at neutral pH. The release of metal oxide-bound P
was encouraged under alkaline conditions while apatite P (primarily carbon-bound P) release was
encouraged under acidic conditions (Wu et al., 2014). The elevated presence of hydroxide ions in
alkaline waters decreases the binding capacity of P to sediment, particularly iron and aluminum,
by replacing orthophosphate (Jensen & Andersen, 1992; Seitzinger, 1991; Sondergaard et al.,
2003; Wu et al., 2014).
P release is encouraged by warm temperatures. Warm temperatures reduce the thickness
of the oxidized surface layer and the dissolved oxygen saturation capacity of the water producing
more anoxic conditions, which results in greater release of iron-bound P (Anderson et al., 2021;
Jensen & Andersen, 1992). Mineralization is also increased in warm temperatures which allows
for greater release of sediment-bound P (Ahlgren et al., 2011; Wu et al., 2014). Higher microbial
activity occurs in warmer temperatures, therefore, increasing sediment-P release (Ahlgren et al.,
2011; Jensen & Andersen, 1992).
2.4 Modeling of P Removal
P removal by wet detention ponds can be estimated using mathematical approximations
of real-world behavior. Many widely used mass-balance mathematical models of P removal are
applications and improvements of a steady-state, mass-balance model by Vollenweider (1969)
(Brett & Benjamin, 2007; Dillon & Rigler, 1974; Hejzlar et al., 2006). The Vollenweider model
uses first-order kinetics and settling characteristics to determine P retention (Vollenweider, 1969).
In Wisconsin, the mathematical model WinSLAMM is used in wet detention pond design and
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performance evaluation. WinSLAMM incorporates land use and runoff characteristics to
determine pollutant loadings from storm events then simulates various GSI practices such as wet
detention ponds to determine pollutant removal performance. Pollutant removal in wet detention
ponds in WinSLAMM is determined based on settling characteristics (i.e., settling velocity and
residence time) (PV & Associates, 2015). Models such as the Vollenweider model and
WinSLAMM do not capture the complexities of P cycling dynamics within a pond since they do
not consider internal P loading mechanisms beyond sedimentation (e.g., plant decomposition and
sediment resuspension).
Physical models, which simulate nutrient dynamics and physical processes, have also
been used in modeling nutrient removal in wet detention ponds. Physical models are often
coupled with hydrodynamic and biogeochemical, or water quality, models to simulate wet
detention pond behavior (Troitsky et al., 2019). The EPA Stormwater Management Model
(SWMM) is one commonly used physical models that can be coupled with hydrodynamic and
biogeochemical models to study wet detention pond dynamics and improve design (Grizzetti et
al., 2003; Nayeb Yazdi et al., 2021; Walker 1998). SWMM is widely used to analyze stormwater
runoff in terms of volume as well as pollutant loading and improve planning and design of
stormwater management mechanisms through the inclusion of GSI, drains, and pipes. Pollutant
removal by wet detention ponds is modeled in SWMM through settling and first-order decay
mechanisms (Huber et al., 2006). The Soil and Water Assessment Tool (SWAT) is another
physical model used to model P cycling (Confesor et al., 2011; Neitsch et al. 2011). SWAT is
used to study the interaction between land use or land management and water quality or quantity
and contains modules to simulate stormwater best management practices, including detention
ponds (Hunt et al. 2009; Neitsch et al. 2011). However, SWAT only models settling of nutrients
from the water column in detention ponds and other nutrient transformations are note modeled
(Neitsch et al. 2011). Models that couple physical processes with the hydrodynamic and
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biogeochemical processes of a pond consider more of the dynamic mechanisms involved in P
cycling within a wet detention pond than mathematical models such as the Vollenweider model
and WinSLAMM; however, they are more complex, requiring greater computation time (Robson,
2014).
Models available for application to wet ponds include coupled hydrodynamic and
biogeochemical models, lake eutrophication models, and first-order kinetics models. However,
there is a lack of application of open-source models that simulate the hydrodynamics of wet
detention ponds well, limiting the ability to easily model wet detention ponds to evaluate
performance and improve maintenance practices. The wide application of an open-source coupled
hydrodynamic and biogeochemical model, such as the General Lake Model (GLM) with the
Aquatic Ecodynamics 2 model library (AED2), would ease this limitation.
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3 METHODOLOGY

3.1 Case Study
3.1.1 Site Description
Two ponds in the Milwaukee area were selected for this study. Drexel Pond is a newer
construction (constructed in 2012) with a surface area of 0.23 ha and an approximate normal
depth of 1.5 m (Figure 3a). It has a contributing area of 13.5 ha estimated from a map of 76th
Street drainage subbasins supplied by the Wisconsin Department of Natural Resources (WDNR).
The surrounding land cover is crops, developed land (open space to medium development), and
forest. Drexel Pond is located at the intersection of W. Drexel Ave. and S. 76th St. in Franklin,
WI. There is a single culvert located at the northwest corner of the pond that feeds into the pond
and two culverts at staggered elevations located at the southeast corner of the pond that transport
treated effluent into a bed of riprap and eventually the neighboring stream as well as an
emergency overflow on the south side of the pond.
Lamplighter Pond is in Lamplighter Park in Brookfield, WI (Figure 3b). Lamplighter
Pond is larger than Drexel Pond with a surface area of 1.18 ha, and a contributing area of 36.26
ha. This site has an approximate normal depth of 3.5 m. The surrounding land cover is developed
land varying from open space to high intensity. Lamplighter Pond mass balance has four inflows
carrying runoff from the surrounding residential yards as well as the street and a single outflow
culvert located at the northern point of the pond.
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Figure 3. Study site inflow and outflow regimes. Inputs are shown in blue, outputs in yellow,
and emergency overflow in red. a) Drexel Pond and b) Lamplighter Pond.

3.1.2 Data Collection
The sampling regime for Drexel Pond (Figure 4) included bi-weekly (every two weeks)
grab sampling at four center-of-pond locations, autosamplers at the inflow and lower outflow
culverts to sample storm events, continuous sensors, and bi-weekly profiles.
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Figure 4. Drexel sampling regime. Data collection included storm samples, bi-weekly grab
samples and profiles (conductivity, pH, temperature, and ORP), and continuous sensing (water
level, temperature, and conductivity).

A 90° v-notch weir was constructed in the inflow culvert and the lower outflow culvert.
Water level was recorded using an ISCO 730-bubbler flow module located behind the weir which
was then used to compute flow using the weir equation: 𝑄 = 2.49 ∗ 𝐻 2.48 where Q = flowrate
(cms) and H = height of water over weir (m). Autosamplers collected flow weighted samples
during storm events, which were combined into an aggregate sample for all laboratory analyses.
Flow weighting was determined by an ISCO 730-bubbler flow module and collected 400 mL
sample for every 100 gallons. The autosamplers were instructed to begin sampling when flow
exceeded 0 cms. Additional storm samples were collected by the autosamplers for analysis by
Milwaukee Metropolitan Sewer District (MMSD). Storms selected for MMSD analysis were
determined based on sufficient effluent volume. Storms selected for MMSD analysis included
July 29, September 21, October 5, October 8, and October 28. These samples were analyzed for
E. coli, fecal coliform, TSS, and total P. Storm samples were analyzed as composite samples.
Grab samples were collected from a kayak as to minimize disturbance of the soil and the
water column prior to collection. The grab samples and stormwater samples were analyzed for
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TSS, total P, total soluble P, and SRP. Continuous sensors collected temperature, dissolved
oxygen, and water level data. Bi-weekly profiles were taken for temperature, pH, conductivity,
and oxidation-reduction potential (ORP). An oxidation-reduction potential of 200 mV was
considered as an important threshold as the reduction potential of iron (III) is 200 mV (Madigan
et al., 2012).
The Lamplighter Pond sampling regime was very similar to that of Drexel Pond in that it
had four bi-weekly grab sampling locations, continuous sensors, and bi-weekly profiles (Figure
5). Due to the large number of inflows and outflows at this site, storm sampling was not
performed. Bi-weekly grab samples were analyzed for TSS, total P, total soluble P, and SRP.
Continuous sensors collected temperature, dissolved oxygen, and water level data. Bi-weekly
profiles were taken for temperature, pH, conductivity, and oxidation-reduction potential. The
instruments used in data collection for both sites and their corresponding accuracy are shown in
Table 1.

Figure 5. Lamplighter sampling regime. Data collection included bi-weekly grab samples and
profiles (conductivity, pH, temperature, and ORP) and continuous sensing (water level,
temperature, and conductivity).

17
Table 1. Field instrument list and accuracy.
Parameter
Conductivity Profile
ORP Profile
Temperature Profile
pH Profile
Dissolved Oxygen
Temperature
Water Level
Conductivity
Storm Samples

Instrument
YSI ProQuatro Handheld Meter with
pH/ORP Sensor
YSI ProQuatro Handheld Meter with
pH/ORP Sensor
YSI ProQuatro Handheld Meter with
pH/ORP Sensor
YSI ProQuatro Handheld Meter with
pH/ORP Sensor
PME miniDOT Logger
PME miniDOT Logger; HYDROS 21
Sensor
HYDROS 21 Sensor
HYDROS 21 Sensor
ISCO 6712 Autosampler

Accuracy
± 1%
± 20 mV in redox
standards
± 0.2°C
± 0.2 units
± 5%
± 0.1°C; ± 1°C
± 0.5% of scale at 20°C
± 10%
n/a

3.1.3 Laboratory Analysis
Each sample (storm and grab) was analyzed for total P, total soluble P, and SRP using the
ascorbic acid colorimetric analysis detailed in Standard Methods 4500-P E (Eaton et al., 1995).
Each sample was analyzed in triplicate for error analysis. Minimum detection limit (MDL) for
these measurements was 0.0085 mg/L. Particulate P was determined as the difference between
total P and total soluble P. TSS was determined in accordance with Standard Methods 2540 D
(Eaton et al., 1995).
A strict washing procedure was followed for all glassware and plasticware to prevent
contamination. The washing procedure involved first washing with phosphate free dish soap,
soaking for at least 24 hours in 5% (by volume) HCl solution, and washing again with phosphatefree dish soap.
3.1.4 Data Analysis
Influent and effluent flow rates were computed using autosampler water height readings:
𝑄 = 2.49 ∗ 𝐻 2.48 where Q = flowrate (cms) and H = height of the water above the weir (m).
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P loads were computed by multiplying the composite storm sample concentration by
event total discharge volume: 𝐿𝑜𝑎𝑑 = 𝐶 ∗ 𝑉𝑇 where C = P concentration (mg/L) and VT = event
total discharge volume (L). Event total discharge volume was calculated as the area under the
Qi +Qi+1
)∗
2

event hydrograph: 𝑉𝑇 = Σ (

Δ𝑡 where Qi is the flowrate in the culvert at a given time

and Δ𝑡 = 5 minutes.
A Spearman correlation analysis was used to study the relationship between build-up and
wash-off characteristics and storm P concentrations and loads. Build-up time was defined as the
antecedent dry period and antecedent storm intensity. Rainfall data was obtained for the
Milwaukee General Mitchell International Airport (MKE) rain gauge from the Iowa State
Automated Surface Observing System (ASOS) (hereafter “airport rain gauge”). This gauge was
the nearest to Drexel Pond. Antecedent dry period was estimated as the time between the first
recorded rainfall for a selected event and the last recorded rainfall for the previous event.
Antecedent storm intensity was estimated as the intensity of the previous storm event. Wash-off
was defined by rainfall intensity and storm duration. Rainfall intensity was defined as the
intensity of the selected storm event and storm duration was the time between the first recorded
rainfall of an event and the last recorded rainfall of an event.
3.2 Modeling
Two models were used, EPA SWMM and GLM. SWMM was used to simulate inflow
rate and influent pollutant load from runoff. Then pond biogeochemistry was simulated in GLM
(Figure 6).
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Figure 6. Modeling workflow diagram. Rainfall data was input into EPA SWMM to simulate
inflow data. Using local meteorological data, GLM + AED2 was run to simulate pond processes.
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3.2.1 EPA SWMM
The Drexel Pond catchment area (Figure 7) was illustrated in SWMM based on the
design drawings for the pond supplied by WDNR

Figure 7. EPA SWMM catchment model. The 13.5 ha catchment area obtained from Wisconsin
Department of Natural Resources was used in the runoff simulation.

The model was forced by five-minute rainfall data obtained from the airport rain gauge
located 6.4 mi from Drexel Pond. Catchment infiltration was modeled using the Green-Ampt
method. The catchment soil type is silt loam according to the USDA Web Soil Survey which has
a wetting front suction head of 6.6 in (167 mm) (Rawls, Brakensiek, and Miller, 1983). The soil
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saturated hydraulic conductivity for the catchment was obtained from the USDA Web Soil
Survey with a value of 0.414 in/hr (10.52 mm/hr). An initial deficit (fraction of the watershed soil
volume that is initially dry) of 0.25 was used, as recommended on the SWMM 5 website. The
flow routing method was set as kinematic wave.
The subcatchment area was determined from construction drawings in conjunction with
Google Earth Pro. The width of the overland flow path was determined by dividing the
subcatchment area by the longest flow path. Percent slope was determined using elevations from
construction drawings and measuring horizontal distance with Google Earth Pro. Percent
impervious area was determined and measured with Google Earth Pro. Manning’s n for
impervious and pervious surfaces were obtained from Chow, 1959. The percent of impervious
area with no depression storage was assigned a value of 25%, as recommended on the SWMM 5
website.

Table 2. EPA SWMM input parameters.
Parameter
Subcatchment area
Subcatchment width
% Slope
% Imperv
n – Imperv
n – Perv
Dstore – Imperv
Dstore – Perv
% Zero – Imperv

Value
13.56
192
0.132
43
0.013
0.035
0.05
0.05
25

Units
ha
m
m
m
-

Pollutant wash-off parameters were determined from the EPA SWMM Reference Manual
Volume III – Water Quality then calibrated against measured values (Table 3) (Rossman &
Huber, 2016). Rainfall concentrations were selected as the midpoint of the typical range for wet
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deposition in the SWMM Reference Manual. The exponential function was used to estimate wash
off, and the power function was used for buildup.

Table 3. EPA SWMM pollutant parameter values.
Parameter
Total Phosphorus
Rain Conc.
Max Buildup
Rate Constant
Saturation Constant
Wash Off Coef.
Wash Off Exponent
Total Suspended Solids
Rain Conc.
Max Buildup
Rate Constant
Saturation Constant
Wash Off Coef.
Wash Off Exponent

Value

Units

0.05
4.75
0.0031
0.02
0.2
0.08

mg/L
mg/L
kg/day
-

6
8
0.05
0.03
2
2.5

mg/L
mg/L
kg/day
-

The EPA SWMM model produced hourly catchment runoff and pollutant load which was
then used as the inflow data for the simulated pond in GLM.
3.2.1.1 Calibration and Validation
Storm events were evaluated to identify storms with consistent rain gauge, pond water
level, and flow data that were then used to calibrate and validate the SWMM model as well as the
water balance in GLM. This was done to ensure that the model was calibrated and validated
against the events in which the most confident exists in the data. Storms used for calibration and
validation were defined as events where autosampler flow readings and rainfall data (from the
airport rain gauge) resulted in a water level rise that agreed with the observed rise. Parameters
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adjusted in the runoff calibration process include percent impervious, n-imperviousness, and nperviousness.
Pollutant build-up and wash-off was calibrated and validated against observed flowweighted storm concentrations by simulating flow-weighting of SWMM pollutants. Flowweighting of SWMM pollutants was done by first computing the area under the event hydrograph
for runoff flow. Then, the pollutant concentration was recorded for every 100 gallons for a
maximum of 24 pollutant concentration recordings per event as the autosamplers had 24 sample
bottles. These pollutant concentrations were then averaged across a given event to simulate the
way in which contributions from all field sample bottles were poured into a composite event
sample. Parameters adjusted in the pollutant wash-off calibration process include maximum
build-up, rate constant, saturation constant, wash-off coefficient, and wash-off exponent.
3.2.2 General Lakes Model
3.2.2.1 Modeled Phosphorus Cycling
The water quality model library, AED2, contains nutrient cycling components to
incorporate P, N, carbon, oxygen, and plankton as well as other pond chemistry and organisms
for use in the base model, GLM. Within the model, influent P concentrations are configurable. In
the water column, P is partitioned between particulate organic, dissolved organic, particulate
inorganic, and dissolved inorganic. Additionally, algae and bacteria can uptake P. Particulate P
settles out through sedimentation. However, resuspension of P out of the bottom sediment layer
into the water column is not included in the model. Dissolved inorganic P, which contains the
bioavailable SRP, diffuses across the sediment-water interface; therefore, sorption and desorption
of P across the sediment-water interface is simulated within the model. Refer to Hipsey et al.
(2013) for further detail on P cycling within AED2.
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3.2.2.2 Meteorological Data
Meteorological data for the site including rainfall, relative humidity, wind speed,
snowfall, and air temperature. These data were obtained from the ASOS database for MKE rain
gauge. Missing relative humidity, windspeed, and air temperature data were populated by taking
the average of the reading right before and the reading right after the missing data. The Bird
(1984) equation was used by the model to calculate albedo.
3.2.2.3 Inflow Data
Modeled influent flowrate was used from the SWMM output along with the TSS and
total P concentrations. Total P was partitioned according to the average P partitioning observed in
the field data, and literature was used to supplement for organic/inorganic partitioning which was
not measured in the field. Based on the literature, total P was partitioned into 12% SRP, 24%
dissolved organic P, and 42% particulate organic P (Benitez-Nelson et al., 2004). The dissolved
oxygen concentration in the influent was estimated from literature to be 6 mg/L (Baralkiewicz et
al., 2014).
3.2.2.4 Namelist File Configuration
The namelist (nml) file directs GLM. In this file, simulation set up, mixing, water quality
set up, morphometry, timestep, output files, initial profiles, meteorology, light, radiation, inflow,
outflow, sediment, and snow-ice conditions can be adjusted. In this file, initially all parameters
were set to the default values from the GLM website. Within morphometry, the following
parameter adjustments were made:
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Table 4. Pond morphometry parameter. Base-elev refers to the elevation of the bottommost
point of pond. Crest_elev is the elevation of the weir crest. Bsn_len and bsn_wid are the length
and width of the pond, respectively. Bsn_vals is the number of elevation/area points given by H
and A. H is a list of pond elevations, and A is the corresponding area at each elevation.
Parameter
Latitude
Longitude
Base_elev
Crest_elev
Bsn_len
Bsn_wid
Bsn_vals
H
A

Value
42.90
-88.01
221.5
223.1
83
30
4
221.5, 222, 222.5, 223.1
918, 1399.3, 1819.3, 2397.1

Units
Degrees
Degrees
m
m
m
m
m
m2

The duration of the simulation was set to July 15, 2021 through October 15, 2021. An
initial 3-year model ramp up was performed to equilibrate variables and processes within the
model. For the model ramp up, initial profile parameters were set to the default values found in
the Example Simulation on the GLM website at depths of 0.1, 0.25, 0.5, 0.75, and 1.25 m. Refer
to Appendix 8.2 for nml file for model initial conditions. Then, the actual model simulation was
performed using the final conditions of the model ramp up to determine the initial profile
parameter values.

3.2.2.5 Calibration and Validation
The model water balance was calibrated and validated using visual comparison against
observed water level data. Parameters adjusted in the calibration and validation of the water level
include crest width, drag coefficient with the weir crest, and seepage rate. Outflow parameters
were adjusted for flow over the weir (Table 5) to represent observed drawdown.
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Table 5. Calibrated outflow parameters. Crest_width refers to the weight of the weir.
Crest_factor is the drag coefficient associated with the weir. Seepage_rate is the rate of seepage
from the lake bottom.
Parameter
Crest_width
Crest_factor
Seepage_rate

Value
150
2.5
0.001

Units
m
m/day

The model heat balance was calibrated and validated using the calibration code within the
glmtools package. Parameters adjusted in the calibration and validation of the water level include
wind factor, sediment temperature, mixing efficiency-hypolimnetic turbulence, and light
extinction coefficient (Table 6).

Table 6. Calibrated heat balance parameters. Wind_factor is a scaling factor. Sed_temp_mean
is the annual mean sediment temperature. Coef_mix_hyp is the coefficient of mixing efficiency
for hypolimnetic turbulence. Kw refers to the light extinction coefficient.
Parameter
Wind_factor
Sed_temp_mean
Coef_mix_hyp
Kw

Value
1.482
14.17
0.54
0.5486

Units
°C
m-1

Oxygen cycling within the model was calibrated and validated using the calibration code
within the glmtools package. Parameters adjusted in the calibration and validation include
maximum oxygen flux across the sediment-water interface, and half-saturation constant for
oxygen dependence of the sediment oxygen flux (Table 7).
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Table 7. Calibrated oxygen cycling parameters. Fsed_oxy and Ksed_oxy refer to the sediment
oxygen demand and the half-saturation concentration of the oxygen-sediment flux, respectively.
Parameter
Fsed_oxy
Ksed_oxy

Value
-275
15

Units
mmol O2/m2-d
mmol O2/m3

P cycling within the model was calibrated and validated using the calibration code within
the glmtools package. Parameters adjusted in the calibration and validation include initial
phosphate concentration, maximum phosphate flux across the sediment-water interface, halfsaturation constant for oxygen dependence on the phosphate flux, and the temperature multiplier
for temperature dependence of sediment-phosphate flux (Table 8).

Table 8. Phosphorus cycling parameter adjustments. Frp_initial is the initial phosphate
concentration. Fsed_frp and Ksed_frp refer to the sediment-phosphate flux and half-saturation
oxygen concentration controlling the sediment-phosphate flux, respectively. Theta_sed_frp is the
Arrhenius temperature multiplier for sediment-phosphate flux.
Parameter
Frp_initial
Fsed_frp
Ksed_frp
Theta_sed_frp

Value
0.1
0.02
1
1.05

Units
mmol P/m3
mmol P/m2-d
mmol P/m3
-

3.2.2.6 Sensitivity Analysis
The sensitivity of pond P removal to six parameters within GLM was analyzed. These six
parameters included air temperature, wind speed, pond volume, initial phytoplankton
concentration, maximum flux of P into the sediment, and albedo. Air temperature and albedo
were selected due to their impact on phytoplankton growth. Wind speed was selected due to its
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ability to mix the pond water column. Phytoplankton initial concentration was selected to
simulate algal removal. Pond volume and sediment-P flux were selected to simulate the effects of
dredging through the increase in pond volume and the reduction of the presence of sedimentbound P. High, medium, and low values were selected for each parameter (Table 9). Sensitivity
was determined based on the relative percent removal between the modeled influent and effluent
load for total P and SRP where Y is percent removal, X is the parameter value, subscript H is the
high value, subscript L is the low value, and subscript b is the base value (Equation 1).
𝑌𝐻 − 𝑌𝐿 𝑋𝐻 − 𝑋𝐿
𝑆= (
)/(
)
𝑌𝑏
𝑋𝑏

Equation 1.

Table 9. Sensitivity analysis parameter values. One parameter was analyzed at a time. When a
parameter was not being tested, it was set as the base value. Pond morphometry is defined using
the pond volume (height (H) and area (A) profiles) at five depths within the pond.
Parameter
Air Temperature (C)
Wind Speed (mph)
Pond Volume (m3)
Max. Sediment-P
Flux (mmol P /m2-d)
Phytoplankton Initial
Conc (mmol C/m3)
Albedo

High

Medium

Low

Base

1.25*observed
hourly temp
2*observed
hourly wind speed
H: 221.5, 222.2,
222.7, 223, 224.5
A: 1147.5, 1750,
2275, 3000, 4675

Observed hourly
temp
Observed hourly
wind speed
H: 221.5, 222.2,
222.7, 223, 224.5
A: 918, 1400,
1820, 2400, 3740

0.75*observed
hourly temp
0.5*observed
hourly wind speed
H: 221.5, 222.2,
222.7, 223, 224.5
A: 668.5, 1050,
1365, 1800, 2805

Observed hourly
temp
Observed hourly
wind speed
H: 221.5, 222.2,
222.7, 223, 224.5
A: 918, 1400,
1820, 2400, 3740

0.125

0.1

0.08

0.08

10

1

0.1

0.03

0.5

0.3

0.1

0.2
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4 RESULTS

4.1 Lab Comparison
A comparison of the lab results obtained by Marquette University and MMSD was
performed for quality assurance. Storm sample influent and effluent total P and TSS were
analyzed separately. The resulting correlations were influent TP: R2=0.948, effluent TP:
R2=0.824, influent TSS: R2=0.940, effluent TSS: R2=0.685 (Appendix Table A4). Variability in
TSS was likely due to composite samples for Marquette University and for MMSD being taken
from varying points during the storm events.
4.2 Influent Phosphorus
Twelve storms were monitored during the study period. Seasonality was observed in
stormwater total P concentration but not in total P load. Influent total P concentrations declined
from July to early September (Figure 8a). Total P concentrations were elevated in July and
September storms compared to the other storm events. Influent total P load was elevated during
one storm in late July due to the large volume of runoff that occurred during this storm (Figure
8b).
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Figure 8. Influent Total Phosphorus (P). a) Total P concentration. b) Total P load.

Potential explanatory variables for the seasonality observed in the influent total P
concentration include, but are not limited to, antecedent dry period, rainfall intensity, leaf litter
contributions, and atmospheric deposition. There was a negative and non-significant relationship
between antecedent dry period and P concentration and load as well as between storm duration
and P concentration and load (Table 10). There was a positive and non-significant relationship
between rainfall intensity and P concentration and load as well as antecedent storm intensity and
P concentration. The p-value of 0.0673 between antecedent storm intensity and P concentration
denotes a marginal level of confidence that a positive relationship exists even though the value
exceeds the typical 0.05 threshold. There was a positive and significant relationship between
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antecedent storm intensity and P load. Therefore, events that followed large events had higher
total P concentration and load than those that followed smaller events.

Table 10. Results of Spearman correlation analysis on build-up and wash-off characteristics
with total P concentration or load. Asterisks denote a significant p-value (< 0.05) (n=11).

Antecedent Dry Period
Rainfall Intensity
Storm Duration
Antecedent Storm Intensity

Concentration
Rho
p-value
-0.109
0.736
0.168
0.602
-0.0210
0.948
0.544
0.0673

Load
Rho
-0.176
0.236
-0.433
0.639

p-value
0.585
0.460
0.160
0.0253*

4.3 Effluent Phosphorus
Of the 12 observed events during the study period, 3 events (August 7, August 9, and
September 21) had autosampler malfunctions resulting in no flow data recorded; however, the
autosamplers did sample effluent for water quality analysis during these 3 events (Table 11). Due
to the lack of effluent flow data for these 3 events, the effluent loads were not able to be
calculated for the August 7, August 9, or September 21 events. Additionally, 5 events (July 7,
July 24, August 21, September 4, and September 7) did not produce effluent (a flow of 0 cms was
measured) and, therefore, have an effluent total P load of 0 g.
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Table 11. Storm event effluent data availability.
Storm
7-Jul
14-Jul
24-Jul
29-Jul
7-Aug
9-Aug
21-Aug
4-Sept
7-Sept
21-Sept
3-Oct
7-Oct

Effluent Flow
Data Available
YES
YES
YES
YES
NO
NO
YES
YES
YES
NO
YES
YES

Effluent
Produced
NO
YES
NO
YES
YES
YES
NO
NO
NO
YES
YES
YES

Effluent Grab Sample
Data Available
NA
YES
NA
YES
NO
NO
NA
NA
NA
NO
YES
YES

Effluent total P concentration was elevated at the end of the sampling period during the
September 21 and October 7 events which align with events of elevated influent total P
concentrations (Figure 9a). High volumes of effluent flow resulted in elevated effluent total P
loads during the October 3 and October 7 events (Figure 9b). P in these high effluent events was
largely comprised of particulate P (Table 12).
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Figure 9. Effluent total Phosphorus (P). a) Total P concentration. In 2 of the 7 observed
effluent events (September 21 and October 7), total P concentration was elevated. b) Total P load.
The load was elevated in 2 of the 7 events (October 3 and October 7) where effluent flow data
was also elevated.

Table 12. Drexel Pond effluent storm sample Phosphorus composition.
Date

Total P
(mg/L)

15-Jul
29-Jul
7-Aug
9-Aug
21-Sep
3-Oct
7-Oct

0.0669
0.0372
0.0269
0.0359
0.175
0.0439
0.116

Total
Soluble P
(mg/L)
0.0546
0.0176
0.0161
0.0175
0.0648
0.0099
0.0419

SRP
(mg/L)

Particulate
P (mg/L)

0.0288
0.0052
0.0038
0.0033
0.0144
0.0193
0.0246

0.0123
0.0197
0.0109
0.0183
0.110
0.0339
0.0738

Total
Soluble:
Total P (%)
82
47
60
49
37
23
36

Particulate
P: Total P
(%)
18
53
40
51
63
77
64
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Effluent TSS concentrations were elevated in the September and October events which
had elevated total P concentrations (Figure 10). Therefore, a greater concentration of particulates
was exported in the effluent compared to previous storms. Elevated particulate P concentrations
during the September and October storms show that not only was TSS elevated during these
events, but also P-containing particulates were elevated during these events. Thus, high P export
was associated with high particulate export in these events.

Figure 10. Effluent total suspended solids (TSS) concentration. Elevated TSS levels were
observed on September 21, October 3, and October 7, which correspond to elevated effluent total
P events.

Total P concentration was reduced in all storms observed (Figure 11a). Events that
produced no effluent resulted in complete total P load removal. On average, total P concentration
was reduced by 52.7% and varied between 8.8 to 85.1%. Total P load was reduced in 7 events
and increased in the October 3 and October 7 events (Figure 11b). Total P load reduction across
the entire sampling period was 89.5%
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Figure 11. Pond Phosphorus (P) removal efficacy. a) Total P concentration was reduced in
every storm observed, as denoted by presence below the 1:1 line. B) Total P load increased in 2
of the 9 storms with reliable effluent flow data, indicating poor removal of total P in terms of load
for these 2 storms. The outlier of influent total P load (120 g) is not shown for clarity.

4.4 Phosphorus Speciation
4.4.1 Drexel Pond
Total P concentrations in Drexel Pond remained consistent throughout the sampling
period. P speciation in the pond shifted from soluble P to particulate P throughout the sampling
period (Table 13). Particulate P was the dominant species in the Drexel Pond grab samples. SRP
remained consistently low across the study period and was only above the detectable limit in two
sampling events; therefore, there were low concentrations of readily bioavailable P for
phytoplankton uptake and algal formation.
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Table 13. Drexel Pond bi-weekly grab sample mean values. Minimum detection limit was
0.0085 mg/L.
Date

Total P
(mg/L)

7-Jul
19-Jul
2-Aug
17-Aug
31-Aug
14-Sep
28-Sep
12-Oct

0.0314
0.0367
0.0311
0.0327
0.0360
0.0387
0.0362
0.0324

Total
Soluble P
(mg/L)
0.0212
0.0136
< 0.0085
0.0155
< 0.0085
< 0.0085
< 0.0085
< 0.0085

SRP
(mg/L)

Particulate
P (mg/L)

Total Soluble:
Total P (%)

< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085

0.0103
0.0231
~ 0.0226
0.0172
~ 0.0275
~ 0.0302
~ 0.0277
~ 0.0239

67
37
25
47
19
9
23
4

Particulate
P: Total P
(%)
33
63
75
53
81
91
77
96

Desorption of sediment-bound P did not likely increase during the high effluent P events
based on the dissolved oxygen, temperature, and pH data. Increased anoxia was not observed
during the high effluent P events (Figure 12a). The pond water temperature was not elevated
during high effluent P events (Figure 12b). Pond pH did not reach substantially elevated levels to
encourage increased sediment-P release (Figure 13b).
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Figure 12. Biogeochemical continuous monitoring data from Drexel Pond. A consistent trend
in high effluent P and a) dissolved oxygen or b) water temperature was not identified.
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Figure 13. Drexel Pond water column profiles. a) Temperature profiles indicate the pond was
well-mixed. b) Pond pH typically remained within the range of 7.6 to 8.6 and did not reach high
pH that would result in increased sediment-P release. c) Redox potential remained below 200 mV
in most events.

4.4.2 Lamplighter Pond
Total P concentrations remained consistent across the sampling period at Lamplighter
Pond. Particulate-P was the dominant P species present at Lamplighter Pond (Table 14).
However, the percent soluble P increased across the sampling period. Similar to Drexel Pond,
SRP concentration was undetectable for 5 of the 7 sampling events indicating that there was low
concentrations of P available for phytoplankton uptake and algal production.
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Table 14. Lamplighter Pond bi-weekly grab sample mean values.
Date
12-Jul
26-Jul
10-Aug
23-Aug
7-Sep
21-Sep
5-Oct

Total
P
(mg/L)
0.0367
0.0348
0.0270
0.0323
0.0390
0.0390
0.0145

Total
Soluble P
(mg/L)
< 0.0085
0.00864
< 0.0085
0.0142
0.0118
0.0158
0.009420

SRP
(mg/L)

Particulate
P (mg/L)

< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085
< 0.0085

~ 0.0282
0.0261
~ 0.0185
0.0509
0.0272
0.0233
0.00509

Total
Soluble:
Total P (%)
13
25
25
22
30
40
65

Particulate
P: Total P
(%)
87
75
75
78
70
60
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Due to the onset of anoxia, sediment-P release may have increased periodically
throughout the sampling period (Figure 14a). While these periods do not align with events of
warmer temperatures (Figure 14b) or substantially high pH (Figure 15b), the onset of anoxia
alone encourages the release of sediment-bound P.
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Figure 14. Biogeochemical continuous monitoring data from Lamplighter Pond. Due to
equipment tampering, there are 3 periods of missing data as marked. The temperature and DO
sensors were affixed to the post at different elevations. Therefore, there were events where the
DO sensor had been removed from the water, but the water temperature sensor was still
submerged, which explains differing missing data periods. a) Anoxia was observed in the pond
during three distinct periods.
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Figure 15. Lamplighter Pond water column profiles. a) Temperature profiles indicate the pond
was typically well-mixed. b) Pond pH typically remained within the range of 7.0 to 9.0 and did
not reach high pH that would result in increased sediment-P release. c) Redox potential exceeded
200 mV.

4.5 Modeling
4.5.1 Storm Evaluation
Four storms with consistent water volume data were identified for calibration and
validation of SWMM: August 21, September 13 (two events), and September 21 (Table 15).
Water quality data was not collected for the September 13 events; however, these events were
valuable in the calibration and validation of the SWMM model.
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The large spike in water level recorded on August 7 is much larger than the rainfall and
autosampler data suggest would occur. While the rainfall that occurred at Drexel Pond and at the
airport rain gauge are spatially variable, an event that would cause a 412 mm rise in water level
equates to approximately 97 mm of rainfall, which is substantially greater than was observed at
the airport rain gauge (18.3 mm). Rainfall from 2 other surrounding rain gauges (Lawrence J.
Timmerman Airport – MWC and Waukesha Airport – UES) was obtained from the ASOS
database to identify whether there was an error with the airport rain gauge that recorded incorrect
rainfall. Rainfall of 27.4 mm and 14.52 mm was recorded at MWC and UES, respectively. For
this reason, the large water level spike in early August was not trusted. This disagreement
between the data may be due to sensor error due to build-up on the sensor surface or to the post
holding the sensor potentially have been tilt due to numerous high flow events. Additionally, the
rain gauge may have not captured the true rainfall at the site due to spatial variability.

Table 15. Storm event evaluation matrix. Storms where water level rise, autosampler flow, and
rainfall were recorded, water rise agreed with autosampler flow and rainfall, and where SWMM
simulated a storm are highlighted in yellow. Two events were identified on September 13.
Storm

Water Level (WL)
Rise Recorded (mm)

7-Jul
15-Jul
23-Jul
29-Jul
7-Aug
9-Aug
21-Aug
4-Sept
7-Sept
13-Sept
21-Sept
3-Oct
7-Oct

Not recorded
110
20
100
412
59
28
1
38
40
11
200
83

Water Level
Contribution from
Autosampler (mm)
3.0
Not recorded
20.1
206
35.9
22.6
11
0.063
25.2
27.1
6.75
128
106

Rainfall Contribution
to Water Level Rise
(mm)
3.05
8.64
Not recorded
2.79
18.3
19
14.7
0.254
2.28
21.59
5.84
5.59
5.33
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4.5.2 EPA SWMM Calibration and Validation
EPA SWMM was calibrated and validated against the 4 selected storms to maximize
agreement between the model and observed data in terms of both maximum flow and volume of
flow (Figure 16).

Figure 16. SWMM runoff comparison to observed flow for the calibration/validation
storms.

While there was good agreement between SWMM volume and observed volume in the
calibration/validation events, poor agreement was found in the remaining storm events (Figure
17). Additionally, the SWMM model did not produce runoff for 6 events despite the presence of
rainfall data.
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Figure 17. SWMM runoff comparison to observed flow for all storms. a) All events with y
axis up to 0.8 cms. b) Enlarged to better compare observed and modeled runoff differences.

Flow-weighting of SWMM simulated total P data was performed to mimic the sampling
strategy used in the field. The resulting simulated P concentration was calibrated to agree with
both the average concentration and total load observed at Drexel Pond for the “harmonious”
storms (Table 16). The observed and modeled total P loads were 7.6 g and 9.4 g, respectively.

Table 16. EPA SWMM total P validation.
Total P Concentration (mg/L)
Date
21-Aug
21-Sept

Observed
0.0809
0.230

Modeled
0.0975
0.164
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4.6 GLM
4.6.1 GLM Calibration and Validation
The water balance was calibrated and validated using the “harmonious” storms (Figure
18). Spatial variability between the rainfall that was recorded at the airport rain gauge and rainfall
that occurred at Drexel Pond limited the validation of the water balance as well as water level
data from the early August storms that was not agreement with the inflow and rainfall data.

Figure 18. Observed and modeled water level at Drexel Pond. Drawdown due to seepage and
evaporation closely match between the modeled and observed data.

The calibrated water temperature closely matches the observed (Figure 19). There is
greater variation between the modeled and observed water temperature during the cooler
temperatures observed in early September. This may be due to consistently warmer temperatures
during the calibration period (July 15 – October 31) than the validation period (September 1 –
October 15); therefore, the heat balance was calibrated well to warmer conditions but requires
further calibration and validation for cooler temperatures.
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Figure 19. Observed and modeled water temperature at Drexel Pond.

The calibrated dissolved oxygen concentration generally follows with the observed
oxygen concentration and remains near the average of the observed data (Figure 20). However,
the modeled dissolved oxygen concentration does not reflect the high peaks that were observed at
Drexel Pond (R2 = 0.052, p value = 0.032, RMSE = 2.65 mg/L).

Figure 20. Observed and modeled dissolved oxygen at Drexel Pond.
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There is similarity between the modeled total P concentration and observed total P
concentration (Figure 21). More sampling dates would have increased the sampling size (n = 7)
and may have improved this relationship.

Figure 21. Observed and modeled total Phosphorus concentration at Drexel Pond.

Modeled total P was driven by dissolved organic P (Figure 22). SRP contributed very
little to the total P concentration, which closely reflects the low SRP concentrations observed in
the field at Drexel Pond.

48

Figure 22. Modeled total Phosphorus speciation. Dissolved organic P drove an increase in total
P concentration.

Modeled phytoplankton concentration declined substantially in early August due to an
influx of water from the August storm events (Figure 23). Phytoplankton concentration remained
low as total P concentrations were elevated in the month of August.

Figure 23. Modeled phytoplankton concentration at Drexel Pond.

49
4.6.3 Sensitivity Analysis
A sensitivity analysis was performed on the model, testing a high, medium, and low
value for the following six parameters: atmospheric temperature, phytoplankton initial
concentration, pond volume, albedo, maximum sediment-P flux, and wind speed. The sensitivity
of P load reduction to each parameter change was computed as the relative change in percent
reduction against the relative change in the parameter value (Equation 1). Maximum sediment-P
flux showed the greatest impact on total P reduction as well as SRP reduction (Table 17). Total P
and SRP reduction were not sensitive to changes in air temperature or wind speed. All the
parameters studied resulted in a total P load reduction of 83% or greater (Figure 24).

Table 17. Drexel pond Phosphorus removal sensitivity to climate, biogeochemical, and pond
design parameters. Relative sensitivity computed from Equation 1.

Total P
SRP

Air
Temp

Wind
Speed

Pond
Volume

0
0

0
0

0.276
0.0913

Initial
Phytoplankton
Conc.
6.77 x 10-5
3.21 x 10-4

Max. SedimentP Flux

Albedo

0.198
0.0282

0.0710
0
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Figure 24. Percent load reduction from sensitivity analysis.
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5 DISCUSSION

5.1 Case Study
5.1.1 Stormwater P Seasonality
Few studies have reported on the seasonality of stormwater P concentrations and loads.
Our study, which noted high total P concentrations in fall compared to summer, is consistent with
previous studies (Brezonik & Stadelmann, 2002; Smith et al., 2020). Potential explanations for
the variability observed in stormwater P concentration include build-up and wash-off
characteristics, leaf litter, and atmospheric deposition.
Previous studies have correlated increases in P concentrations in stormwater runoff with
longer antecedent dry periods (Miguntanna et al., 2010; Yang & Toor, 2018) as well as greater
rainfall intensities (Egodawatta et al., 2009). Our results did not identify antecedent dry period,
rainfall intensity, or storm duration as drivers of increased stormwater P concentration or load.
However, our study showed that antecedent storm intensity explained over half of the variability
in stormwater P concentration (54%) and load (64%). The positive relationship between
antecedent storm intensity and total P concentration and load may be due to high P mobilization
by large events, with the P ultimately being transported to the pond during the following storm
event.
Seasonality in leaf litter due to plant dormancy in the fall may have been a contributing
factor to the seasonality observed in stormwater P concentration. Leaf litter has been found to be
a driver for elevated total P concentrations particularly in the fall in urban areas, which is
consistent with the spike observed in our data in September and October (Duan et al., 2014;
Selbig et al., 2020).
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Atmospheric deposition is another process that may have contributed to stormwater P
seasonality. Previous works have reported atmospheric deposition, which is influenced by wind
characteristics, to be a large contributor of P input into a watershed; therefore, fluctuations in
atmospheric deposition would highly influence total P concentrations (Barr Engineering, 2007;
Cole et al., 1990; Hobbie et al., 2017). Seasonality in atmospheric deposition of P is correlated
with agricultural planting and fertilizer application resulting in high atmospheric P deposition in
spring and then declined into the summer, which may explain the decline observed in stormwater
P concentration in our data from July to August (Anderson & Downing, 2006).
5.1.2 Pond Performance
Across the sampling period, Drexel Pond reduced the total P load of stormwater by
89.5%. Total P load reduction was largely influenced by the July 29 storm event which had an
influent load of 120 g, an effluent load of 0.17 g, and an event total P load reduction of 99.8%.
Due to this overwhelming contribution to total P load reduction by the July 29 event, the two
events where effluent load was unable to be computed did not likely have a strong influence on
the cumulative reduction of total P across the sampling period. The no effluent flow events
caused by low water levels and a sufficiently large pond volume were responsible for a 7.2%
reduction in total P load. This research agrees with previous work that has shown that pond
volume is a driver of P retention by wet detention ponds (Janke et al., 2022).
Multiple studies attribute increases in P load to anoxic conditions within the pond, which
causes desorption of sediment-bound P (Ahlgren et al., 2011; Song et al., 2017; Taguchi et al.,
2020). However, our study is not consistent with this explanation since anoxic conditions did not
precede the P export events, and exported P was predominantly particulate-bound. The likelihood
of anoxia occurring at Drexel Pond was reduced due to the well-mixed nature of the pond.
However, the redox profiles indicate that iron-P release may have been occurring. The reduction
potential of iron (III) is 200 mV (Madigan et al., 2012), which is within the range observed in the
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bi-weekly profiles taken at Drexel Pond (104 mV – 230 mV). Therefore, conditions within the
pond were preferable for iron (III) reduction to iron (II), resulting in the release of iron-bound P
(Foster & Fulweiler, 2019).
Desorption under anoxic conditions (Ahlgren et al., 2011; Anderson et al., 2021; Foster
& Fulweiler, 2019; Jensen & Andersen, 1992; Tammeorg et al., 2017), high temperature (Ahlgren
et al., 2011; Anderson et al., 2021; Jensen & Andersen, 1992, Wu et al., 2014), and elevated pH
(Jensen & Andersen, 1992; Seitzinger, 1991; Sondergaard et al., 2003; Wu et al., 2014) have been
used to explain internal P loading in stormwater ponds. Our results highlight the potential
influence of redox conditions on internal P loading.
The two events where effluent P load exceeded influent P load also had effluent P
concentrations that exceeded the pond P concentrations. Hydraulic short circuiting was explored
as a potential explanation for this phenomenon. Previous studies have reported the potential of
short-circuiting to result in pollutant export. Risk of hydraulic short-circuiting is reduced in ponds
with larger length-to-width ratios (Mallin et al., 2002). In Wisconsin, a length-to-width ratio of
3:1 along the flow path is recommended to minimize the risk of hydraulic short-circuiting
(WDNR, 2007). Another study suggests a length-to-width ratio of 2:1 is sufficient (Orozco and
Cleveland, 2007). Drexel Pond has a length-to-width ratio of approximately 2.7:1. The travel path
ratio (TPR) is another factor used to define the potential for hydraulic short-circuiting within a
pond. The TPR is the distance between the inlet and the outlet divided by the sum of the length
and width of the pond. By considering both the length and width of the pond as well as relative
location of the inlet to the outlet, the TPR evaluates the pond’s unique geometry more so than
exclusively considering the length-to-width ratio. A TPR over 0.5 is considered acceptable and
not likely to result in hydraulic short-circuiting/ Drexel Pond has a TPR of approximately 0.82.
Therefore, with a length-to-width ratio near 3:1 and a TPR well over 0.5, hydraulic-short
circuiting is not likely to occur at Drexel Pond.
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5.2 GLM
5.2.1 Model and Data Comparison
The model closely simulated the observed total P behavior of Drexel Pond. Dissolved
organic P was the dominant species present in the model. Within AED2, the dissolved organic P
concentration is a function of decomposition from particulate matter, mineralization by bacteria,
sediment flux, excretion by phytoplankton and zooplankton, and influent P (Hipsey et al., 2013).
A high concentration of dissolved organic P in GLM is attributed to both the total P concentration
modeled by SWMM, as this was partitioned into P species including dissolved organic P, and the
dissolved oxygen in the water column. Both mineralization by bacteria and zooplankton growth
are oxygen dependent processes within the model; therefore, the variation between modeled
dissolved oxygen and observed dissolved oxygen concentrations contributed further to the
variation between modeled and observed total P concentration.
Agreement between the observed water level and the modeled water level was limited by
the accuracy of the SWMM simulated runoff, variability between rainfall that occurred at the
gauge and at the site, and the water level rise that was not trusted following the August 7 storm.
Six storms that were measured at the airport rain gauge were not simulated in SWMM. Higher
intensity events may have occurred at Drexel Pond than were recorded at the airport rain gauge
due to the high spatial variability of rainfall which could have contributed to the lack of
agreement (Chaubey et al., 1999). Storms that did not produce runoff in SWMM generally had
lower rainfall intensities. A high infiltration rate in the model would reduce runoff. Additionally,
a mild slope accompanied by an infiltration rate that is too high would also reduce runoff in the
model.
Agreement between effluent drawdown in the model and the observed drawdown
required setting the weir crest width and drag coefficient to unrealistic values. Within GLM, there
2

3

is only one equation to compute flow over the weir: 3 𝐶𝐷𝑤𝑒𝑖𝑟 √2𝑔𝑊𝑤𝑒𝑖𝑟 (ℎ𝑆∗ − ℎ𝑐𝑟𝑒𝑠𝑡 )2 where
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CDweir = the drag coefficient of the weir, g = acceleration of gravity, Wweir = weir crest width, hS* =
height of surface water, and hcrest = height of weir crest. This equation did not accurately represent
the hydrodynamics at Drexel Pond since this equation does not consider that the flow is traveling
through a circular culvert. Therefore, the behavior had to be forced in order to agree with
observed drawdown due to effluent. This was done by setting relevant parameters to unrealistic
values. An improvement in GLM would be to make the overflow equation adjustable, so that the
hydrodynamics of wet detention ponds can be more accurately simulated.
5.2.2 Sensitivity Analysis
Previous work has emphasized the importance of pond volume in pollutant export (Janke
et al., 2022; Walker, 1987). The results of our sensitivity analysis are consistent with these
previous works. A larger pond volume not only has greater capacity to retain water but also
increased residence time, which allows for more settling and uptake of P.
Previous research reported dredging reduced internal P loading (Yin et al., 2021; Yu et
al., 2017). Pond volume is increased by dredging. Therefore, the sensitivity of P removal to pond
volume would be impacted by dredging activities. In our study, the manipulation of the maximum
sediment-P flux simulated the removal of sediment-bound P from the system during a dredging
event. Pond P removal was most sensitive to changes in the maximum sediment-P flux compared
to all other parameters in the sensitivity analysis, which is consistent with previous works.
P removal showed minor sensitivity to phytoplankton initial concentration and moderate
sensitivity to albedo or changes in light. The albedo of the pond could be changed by altering the
surrounding vegetation. However, these results indicate that dredging, which would result in both
increase in pond volume and increase in P flux into the sediment, would have the greatest positive
impact on pond P removal.
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6 CONCLUSION

6.1 Key Findings
This research has contributed to furthering the understanding of the climate and
watershed factors that impact influent P concentration and load. This work reports seasonality in
stormwater P concentrations. Antecedent dry period and storm duration had negative, nonsignificant relationships with total P concentration and load. Rainfall intensity and had positive,
non-significant relationships with total P concentration and load. Antecedent storm intensity had
a positive, non-significant relationship with total P concentration and a positive, significant
relationship with total P load. Understanding the seasonality of P inputs into wet detention ponds
allows for the identification of seasons where P export may be more likely and additional
maintenance efforts may need to be implemented.
This research reports variability in pond performance. Drexel Pond reduced total P
concentration in all storms with data. On average storm total P concentration was reduced by
52.7% by Drexel Pond. Total P load was reduced by Drexel Pond in 7 events and increased in 2
events. Across the entire sampling duration, total P load was reduced by 89.5%. The P exported
from the pond was dominated by particulate P, suggesting algal washout or sediment
resuspension occurred. Further understanding of the drivers of this export will require future
research.
Lamplighter Pond and Drexel Pond were both dominated by particulate P with minimal
to no detectable contribution from SRP. Across the sampling period, Drexel Pond P speciation
shifted from soluble P to particulate P. Lamplighter Pond displayed the opposite trend where P
speciation shifted from particulate P to soluble P. This finding highlights the variability in P
cycling between ponds with different design and land use characteristics.
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Finally, modeled pond P removal (both total P and SRP) was determined to be sensitive
to changes in pond volume and maximum flux of P into the sediment. This finding highlights the
importance of dredging as a maintenance strategy for wet detention ponds to retain a high degree
of P removal.
6.2 Limitations and Future Work
Understanding the P mass balance at Drexel Pond was limited by the availability of flow
and pollutant concentration data. This data was not obtained for every storm event that occurred
during the sampling period due to equipment malfunction as well as laboratory limitations which
did not allow for analysis of storms that occurred in clusters. Without flow and concentration data
from every single storm, a more complete mass balance was unable to be constructed. A complete
mass balance is important in understanding P loading at the site and should be achieved in future
work.
Another limitation of this study was a lack of association and dependency between TSS
and particulate P in SWMM. Each pollutant is simulated individually in SWMM, which does not
consider the correlation between various pollutants. In future work, the EPA SWMM model for
pollutant concentration in runoff can be improved through the inclusion of an association between
TSS and particulate P as well as the inclusion of a seasonality component that would more closely
match the seasonality of P observed in stormwater runoff in this study.
The GLM model was limited by the input data available. The GLM + AED2 model can
be improved in future work by collecting dissolved organic P, particulate organic P, SRP, and
dissolved oxygen of influent flow to provide the model with the accurate inflow information.
Since algal washout and nutrient resuspension were likely to contribute to the export of
particulate P in Drexel Pond, GLM can be improved to better understand these scenarios by
including a nutrient resuspension component.
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Lastly, to obtain representative drawdown behavior, weir overflow constants were set to
unrealistic values. In future work, the addition of multiple weir overflow equations to GLM
would increase the model’s applicability to wet detention ponds.
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8 APPENDIX

8.1 Field Data
Table A1. Drexel Pond bi-weekly grab sample results. TSS analyses were run in duplicate not
triplicate for the month of July, hence the NAs.

6-Jul location 1

19-Jul

22-Aug

location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4

TP (mg/L)

TS (mg/L)

0.0469
0.0353
0.0368
0.0426
0.0382
0.0440
0.0310
0.0208
0.0194
0.0208
0.0194
0.0223
0.0645
0.0464
0.0479
0.0328
0.0358
0.0343
0.0252
0.0252
0.0267
0.0373
0.0343
0.0297
0.0343
0.0326
0.0343
0.0394
0.0428
0.0411
0.0257
0.0291
0.0223
0.0240
0.0240

0.0286
0.0518
0.0213
0.0184
0.0344
0.0198
0.0126
0.0198
0.0256
0.0082
0.0068
0.0068
0.0181
0.0166
0.0197
0.00907
0.00907
0.00907
0.0136
0.0166
0.0242
0.0136
0.0045
0.0091
0.0046
0.0097
0.00800
0.00800
0.00800
0.00800
0.00628
0.00628
0.00628
0.00971
0.0114

SRP (mg/L) TSS (mg/L)
0.00253
0.00709
0.00101
0.00101
-0.000506
0.00101
-0.000506
0.00101
-0.000506
-0.00810
-0.00810
-0.00810
-0.00934
-0.00779
-0.00779
-0.0171
-0.0171
-0.0187
-0.0109
-0.0109
-0.0125
-0.0171
-0.0171
-0.0171
-0.000983
-0.000983
-0.000983
-0.00246
-0.000983
-0.000983
0.000492
0.000492
-0.000983
0.00344
0.000492

0.757
1.85
NA
2.02
2.25
NA
0.840
1.16
NA
0.353
1.23
NA
6.74
2.15
NA
8.54
7.20
NA
5.03
15.0
NA
25.5
8.04
NA
1.05
2.07
2.13
2.92
2.76
2.94
2.98
2.35
2.95
1.54
0.517
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17-Aug

31-Aug

14-Sep

28-Sep

location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3

0.0240
0.0359
0.0374
0.0462
0.0359
0.0359
0.0315
0.0388
0.0388
0.0270
0.0211
0.0226
0.0211
0.0314
0.0331
0.0414
0.0381
0.0447
0.0430
0.0414
0.0364
0.0331
0.0281
0.0314
0.0298
0.0352
0.0531
0.0385
0.0385
0.0531
0.0498
0.0238
0.0238
0.0417
0.0401
0.0303
0.0368
0.0403
0.0417
0.0417
0.0344
0.0373
0.0359
0.0388

0.00800
0.0133
0.0177
0.0206
0.0177
0.0251
0.0147
0.0177
0.0162
0.0147
0.0088
0.0074
0.0118
0.00993
0.00993
0.00496
0.00827
0.00662
0.00496
0.00827
0.09761
0.00993
0.00496
0.00331
0.00496
-0.00162
0.0000
0.00325
-0.00650
-0.00325
-0.00325
0.00325
0.0000
0.00487
0.0130
0.0227
0.00650
0.00835
0.00982
0.00835
0.00540
0.00688
0.00688
0.00540

0.000492
0.00794
0.01112
0.00635
0.00953
0.00794
0.00953
0.01270
0.01588
0.01429
0.00159
0.00159
0.00159
0.00409
0.00409
0.00409
0.00715
0.00409
0.00409
0.00715
0.00715
0.00715
0.00102
-0.000511
0.00102
0.00607
0.00607
0.00607
0.00404
0.00404
0.00404
0.00607
0.00607
0.00607
0.00607
0.00404
0.00404
0.000502
0.000502
-0.00100
-0.00100
-0.00100
0.00050
-0.00100

1.90
7.93
18.2
27.3
2.43
118
3.60
4.00
4.35
3.98
6.40
3.46
11.2
3.83
2.35
4.51
3.90
4.38
3.90
7.90
11.6
6.76
2.88
3.10
4.04
11.1
13.9
14.4
17.9
17.4
17.5
11.6
11.2
14.8
7.66
9.95
10.2
12.3
12.7
13.3
8.75
8.26
8.75
17.9
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1-Oct

26-Oct

location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4

0.0403
0.0403
0.0255
0.0300
0.0285
0.0324
0.0342
0.0307
0.0377
0.0429
0.0377
0.0324
0.0290
0.0290
0.0290
0.0290
0.0255
0.0234
0.0219
0.0234
0.0189
0.0234
0.0204
0.0174
0.0159
0.0189
0.0189
0.0189
0.0234

0.00688
0.00540
0.00688
0.00688
0.0246
-0.000579
0.00116
0.00116
0.00116
-0.000579
0.00290
-0.00058
-0.00579
-0.00579
0.00811
0.00811
0.00637
0.00548
0.00698
0.00847
0.00399
0.00548
0.00548
0.0145
0.00548
0.00399
0.00548
0.00548
0.00548

-0.00100
-0.00100
-0.00251
-0.00251
-0.00251
-0.00230
-0.00367
-0.00367
0.000459
0.000459
-0.000918
-0.00230
-0.00367
-0.00367
0.000459
0.000459
-0.000918
0.00202
0.00354
0.00202
0.000506
0.000506
0.000506
0.000506
-0.00101
0.000506
0.000506
-0.00101
-0.00101

18.0
20.5
6.40
9.36
8.79
10.9
12.1
11.8
17.5
16.9
17.9
11.7
10.9
11.3
6.17
8.59
8.90
4.98
4.68
5.18
2.92
3.96
5.80
2.49
2.61
3.29
4.18
4.23
5.23

Table A2. Lamplighter Pond bi-weekly grab sample results. TSS analyses were run in
duplicate not triplicate for the month of July, hence the NAs.

12-Jul location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3

TP (mg/L)

TS (mg/L)

SRP (mg/L)

TSS (mg/L)

0.0380
0.0395
0.0380
0.0352
0.0366
0.0380
0.0338
0.0352
0.0366

0.00238
0.00380
0.00808
0.00380
0.00238
0.00380
0.00523
0.00666
0.00380

-0.00155
-0.00310
-0.00465
-0.00774
-0.00465
-0.00465
-0.00155
-0.00310
-0.00310

10.7
11.4
NA
8.78
9.18
NA
9.33
9.57
NA
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26-Jul

10-Aug

23-Aug

7-Sep

location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2

0.0366
0.0352
0.0380
0.0201
0.0201
0.0201
0.0216
0.0260
0.0275
0.0319
0.0349
0.0305
0.0378
0.0585
0.0880
0.0297
0.0282
0.0297
0.0342
0.0371
0.0356
0.0223
0.0252
0.0193
0.0208
0.0208
0.0208
0.0485
0.0457
0.0345
0.0303
0.4376
0.0233
0.0191
0.0191
0.0317
0.0205
0.0359
0.0345
0.0333
0.0319
0.0377
0.0362
0.0362

0.00808
0.00666
0.00380
-0.000491
-0.000491
-0.000491
-0.000491
0.00098
0.00098
0.0437
0.114
0.0334
0.00246
0.00983
0.0142
0.00396
0.00841
0.00693
0.00693
0.00693
0.00693
0.00544
0.00544
0.00544
0.00841
0.00990
0.00693
0.0266
0.0252
0.0252
0.00560
0.00840
0.0126
0.00840
0.00980
0.0126
0.0112
0.0154
0.00980
0.00773
0.00773
0.00773
0.0121
0.0063

-0.00310
-0.00155
-0.00310
-0.00343
-0.00490
-0.00490
-0.00343
-0.00196
-0.00490
0.0950
0.0201
0.0700
-0.000490
0.00245
-0.00196
-0.00099
-0.00099
-0.00099
-0.00248
-0.000991
-0.000991
0.000496
0.000496
-0.00099
0.00347
0.000496
0.000496
0.0750
0.0195
0.0195
0.00845
0.00687
0.00687
0.0211
0.00687
0.00845
0.00053
0.00053
-0.00106
0.00192
0.00335
0.00335
0.00335
0.00335

9.57
8.57
NA
4.10
4.91
NA
5.38
6.41
NA
5.83
6.81
NA
4.21
5.05
NA
1.05
2.07
2.13
2.92
2.76
2.94
2.98
2.35
2.95
1.54
0.52
1.90
9.55
11.0
10.6
9.79
7.75
8.84
12.0
10.1
12.5
9.82
9.77
12.0
9.40
8.58
9.40
8.13
7.42
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21-Sep

5-Oct

18-Oct

location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4
location 1
location 1
location 1
location 2
location 2
location 2
location 3
location 3
location 3
location 4
location 4
location 4

0.0420
0.0493
0.0391
0.0449
0.0391
0.0406
0.0377
0.0305
0.0367
0.0336
0.0320
0.0320
0.0444
0.0429
0.0382
0.0320
0.0382
0.0522
0.0553
0.0111
0.0111
0.0111
0.0164
0.0059
0.0129
0.0059
0.0076
0.0111
0.0059
0.0094
0.0287
0.0481
0.0525
0.0569
0.0612
0.0540
0.0612
0.0540
0.0598
0.0583
0.0510
0.0540
0.0540

0.0106
0.0150
0.0106
0.0150
0.0164
0.0193
0.0135
0.00258
0.00413
0.00103
0.0103
0.00413
0.00568
0.00878
0.00723
0.00878
0.0398
0.0336
0.0630
0.0117
0.0100
0.00820
0.0100
0.0100
0.0100
0.0117
0.00644
0.0100
0.0082
0.0100
0.0100
0.00875
0.00875
0.0102
0.00875
0.00583
0.00875
0.00729
0.00583
0.0102
0.0117
0.0248
0.0102

0.000479
-0.00096
0.00048
-0.00096
0.000479
0.000479
-0.000958
-0.0255
-0.0159
-0.0145
-0.0145
-0.0159
-0.0159
-0.0159
-0.0159
-0.0159
-0.0145
-0.0145
-0.0159
-0.0110
-0.0110
-0.0110
-0.00631
-0.00788
-0.00788
-0.00473
-0.00315
-0.00631
-0.00788
-0.00788
-0.00946
-0.00363
-0.00363
-0.00363
sample spilled
-0.00829
-0.00829
-0.00518
-0.00674
-0.00829
-0.00829
-0.00674
-0.00829

8.74
9.08
9.34
10.9
8.80
9.78
9.40
17.3
16.6
18.0
16.1
15.2
15.4
16.6
17.9
16.1
16.3
14.8
17.1
17.3
12.8
19.0
18.0
19.6
13.0
15.6
16.1
17.7
17.4
17.6
18.5
14.7
10.9
11.5
13.7
15.1
13.9
13.6
15.3
14.6
13.5
12.4
13.2
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Table A3. Storm sample results. TSS analyses were run in duplicate not triplicate for the month
of July, hence the NAs.

7-Jul
14-Jul

24-Jul
29-Jul

9-Aug

10-Aug

21-Aug
4-Sep
7-Sep
21-Sep

inlet
inlet
inlet
inlet
inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
inlet
inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
inlet
inlet
inlet
inlet
inlet
inlet
inlet

TP

TS

SRP

TSS

0.393
0.406
0.399
0.312
0.273
0.313
0.0659
0.0643
0.0705
0.200
0.220
0.194
0.245
0.250
0.252
0.0357
0.0402
0.0357
0.114
0.114
0.136
0.0260
0.0274
0.0274
0.0378
0.0393
0.0408
0.0364
0.0364
0.0349
0.0829
0.0834
0.0765
0.0760
0.0790
0.0790
0.111
0.117
0.105
0.248

0.0791
0.0791
0.0791
0.123
0.129
0.133
0.0551
0.0551
0.0536
0.0490
0.0490
0.0535
0.155
0.139
0.145
0.0181
0.0181
0.0166
0.0185
0.0215
0.0215
0.0156
0.0170
0.0156
0.0170
0.0156
0.0170
0.0170
0.0170
0.0185
0.0353
0.0358
0.0353
0.0336
0.0424
0.0380
0.0382
0.0411
0.0440
0.106

0.0128
0.0144
0.0144
0.0855
0.0794
0.0825
0.0293
0.0293
0.0278
0.00137
0.00137
0.00137
0.102
0.102
0.102
0.00472
0.00322
0.00771
0.00533
0.00384
0.00533
0.00533
0.00235
0.00384
-0.000622
-0.000622
-0.000622
0.00235
0.00533
0.00235
0.0163
0.0158
0.0158
0.00748
0.00891
0.00748
0.0159
0.0174
0.0159
0.0493

17.3
15.6
NA
134
123
NA
2.09
0
NA
121
112
131
26.3
36.4
NA
4.87
5.71
NA
192
185
546
1.97
3.46
1.85
4.29
4.00
5.36
5.36
5.24
3.73
19.7
9.68
26.3
12.7
14.0
23.0
6.23
4.68
8.91
15.0
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3-Oct

7-Oct

inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
outlet
outlet
outlet
inlet
inlet
inlet
outlet
outlet
outlet

0.219
0.224
0.159
0.170
0.195
0.182
0.181
0.195
0.0486
0.0407
0.0423
0.116
0.120
0.111
0.193
0.196
0.0413

0.100
0.104
0.0722
0.0462
0.0759
0.117
0.117
0.119
0.00889
0.00889
0.0121
0.0460
0.0398
0.0398
0.0197
0.0243
0.0181

0.0448
0.0463
0.0149
0.0134
0.0149
0.273
0.273
0.273
0.0223
0.0178
0.0178
0.0246
0.0261
0.0231
0.0126
0.00807
0.0141

16.6
17.0
3.14
5.09
10.2
10.7
11.2
14.4
4.24
4.81
7.58
4.87
5.36
7.41
1.90
4.89
9.80

Table A4. Storm data comparison between Marquette University and Milwaukee
Metropolitan Sewer District.

29-Jul
21-Sept
3-Oct
7-Oct
24-Oct

Total Phosphorus (mg/L)
Influent
Effluent
MU
MMSD
MU
MMSD
0.249
0.27
0.0372
0.028
0.230
0.21
0.175
0.17
0.186
0.17
0.0439
0.051
0.144
0.12
0.116
0.03
0.0954
0.11
0.0333
0.022

Total Suspended Solids (mg/L)
Influent
Effluent
MU
MMSD
MU
MMSD
31.4
110
5.29
6
16.2
14
6.16
8.1
12.1
7.4
5.54
3.8
5.53
6.4
5.88
5.1
11.6
9.4
4.72
3.8

Table A5. Build-up and wash-off characteristics for observed storms.

7-Jul
14-Jul
29-Jul
7-Aug
11-Aug
21-Aug
4-Sep
7-Sep
21-Sep
3-Oct
7-Oct

Antecedent Dry
Period
6 d 16 h 45 min
1 d 13 h 10 min
unknown
8 d 1 h 35 min
3 d 22 h 45 min
9 d 18 h 30 min
5 d 6 h 48 min
1 d 14 h 25 min
11 h 40 min
8d6h
3 d 9 h 50 min

Intensity
(mm/h)
0.635
6.35
2.54
0.763
1.27
7.37
0.250
1.14
1.86
0.93
1.02

Storm Duration
57 min
1h
1 h 25 min
2h
1 h 25 min
10 min
6h
15 min
2 h 15 min
4 h 10 min
12 h 17 min

Antecedent Storm
Intensity (mm)
13.97
0.25
8.37
2.79
18.28
16.26
1.02
0.25
1.78
3.05
2.03
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8.2 GLM namelist file

&glm_setup
sim_name = 'Drexel'
max_layers = 500
min_layer_vol = 0.025
min_layer_thick = 0.15
max_layer_thick = 0.3
density_model = 1
non_avg = .true.
/
&plots_window
width = 1500
height = 900
/
&mixing
surface_mixing = 1
coef_mix_conv = 0.125
coef_wind_stir = 0.23
coef_mix_turb = 0.51
coef_mix_KH = 0.3
deep_mixing = 2
coef_mix_hyp = 0.54
diff = 0
/
&wq_setup
wq_lib = 'aed2'
wq_nml_file = 'aed2/aed2-tot.nml'
ode_method = 1
split_factor = 1
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bioshade_feedback = .true.
repair_state = .true.
mobility_off = .true.
/
&morphometry
lake_name = 'DrexelPond'
latitude = 42.9
longitude = -88.01
base_elev = 221.5
crest_elev = 222.8
bsn_len = 83
bsn_wid = 30
bsn_vals = 5
H = 221.5, 222.2, 222.7, 223, 224.5
A = 918, 1400, 1820, 2400, 3740
/
&time
timefmt = 2
start = '2021-07-15 00:00:00'
stop = '2021-10-11 00:00:00'
dt = 3600
num_days = 364
timezone = -6
/
&output
out_dir = 'output'
out_fn = 'output'
nsave = 6
csv_lake_fname = 'lake'
csv_point_nlevs = 1
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csv_point_fname = 'WQ_'
csv_point_at = 1
csv_point_nvars = 5
csv_point_vars = 'temp','PHS_frp','PHS_frp_ads','OGM_pop','OGM_PSed_pop'
/
&init_profiles
lake_depth = 1.3
num_depths = 5
the_depths = 0.1, 0.25, 0.5, 0.75, 1.25
the_temps = 18, 18, 18, 18, 18
the_sals = 0.5, 0.5, 0.5, 0.5, 0.5
num_wq_vars = 6
wq_names = 'OGM_don','OGM_pon','OGM_dop','OGM_pop','OGM_doc','OGM_poc'
wq_init_vals = 10, 10, 10, 10, 10, 2, 2, 2, 2, 2, 0.00075, 0.00075, 0.00075, 0.00075, 0.00075,
0.001, 0.001, 0.001, 0.001, 0.001, 30, 30, 30, 30, 30, 0, 0, 0, 0, 0
snow_thickness = 0
white_ice_thickness = 0
blue_ice_thickness = 0
avg_surf_temp = 18
restart_variables = 0
/
&meteorology
met_sw = .true.
rain_sw = .false.
lw_type = 'LW_IN'
atm_stab = 0
fetch_mode = 0
rad_mode = 1
cloud_mode = 4
subdaily = .true.
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meteo_fl = 'bcs/meteo3.csv'
wind_factor = 1.4823
lw_factor = 1
lw_offset = 0
ce = 0.0013
ch = 0.0013
cd = 0.0013
/
&light
light_mode = 0
n_bands = 4
light_extc = 1, 0.5, 2, 4
energy_frac = 0.51, 0.45, 0.035, 0.005
Benthic_Imin = 10
Kw = 0.5486
albedo_mode = 1
/
&bird_model
AP = 1016
Oz = 0.279
WatVap = 1.1
AOD500 = 0.033
AOD380 = 0.038
Albedo = 0.2
/
&inflow
num_inflows = 1
names_of_strms = 'Inflow'
subm_flag = .false.
strm_hf_angle = 85
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strmbd_slope = 4
strmbd_drag = 0.016
inflow_factor = 1
inflow_fl = 'bcs/2021inflow-Airportdaily-notp.csv'
inflow_varnum = 7
inflow_vars = 'FLOW','TOT_tp','TOT_tss','OXY_oxy','OGM_dop','OGM_pop','PHS_frp'
coef_inf_entrain = 0
time_fmt = 'YYYY-MM-DD hh:mm:ss'
/
&outflow
crest_width = 150 !Crest width of 15 and factor of 2.5 produced similar results to field
crest_factor = 2.5
num_outlet = 0
outlet_type = 1
outl_elvs = 222.5
bsn_len_outl = 83
bsn_wid_outl = 30
outflow_fl = 'bcs/outflow-0.csv'
outflow_factor = 1
seepage = .true.
seepage_rate = .001
/
&sediment
sed_heat_Ksoil = 0
sed_temp_depth = 0.2
benthic_mode = 1
n_zones = 1
zone_heights = 1
sed_temp_mean = 14.1746
sed_temp_amplitude = 6
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sed_temp_peak_doy = 80
sed_reflectivity = 0.1
sed_roughness = 0.1
/
&snowice
snow_albedo_factor = 1
snow_rho_max = 300
snow_rho_min = 50
/

8.3 AED2 Namelist File
&aed2_models

models = 'aed2_tracer',
'aed2_noncohesive',
'aed2_oxygen',
'aed2_carbon',
'aed2_silica',
'aed2_nitrogen',
'aed2_phosphorus',
'aed2_organic_matter',
'aed2_phytoplankton',
'aed2_zooplankton',
'aed2_totals'
/
&aed2_tracer
!-- Optional retention time tracer
retention_time = .true.
!-- Select number of tracers and their decay/sedflux/light properties
num_tracers = 1

80
decay

=0

Fsed

=0

Ke_ss

= 0.06

!-- Configure sediment resuspension
settling = 3
w_ss

= -0.000001

d_ss

= 4e-6

rho_ss

= 1.5e3

!-- Configure sediment resuspension
resuspension = 1
fs

= 0.7

epsilon

= 0.0250

tau_0

= 0.03

tau_r

= 1.0

Ktau_0

= 0.001

macrophyte_link_var = 'MAC_ruppia'
/
&aed2_noncohesive
!-- Select SS groups and their light attenuation
num_ss

=1

ss_initial = 1,1
Ke_ss

= 0.06,0.063

!-- Configure particle settling
settling

=1

w_ss

= -0.03,-0.001

d_ss

= 2e-6,1e-5

rho_ss

= 1.5e3,1.8e3

!-- Configure sediment resuspension
resuspension = 0
epsilon

= 0.0070
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tau_0

= 0.03, 0.03

tau_r

= 1.0

Ktau_0

= 0.001

macrophyte_link_var = ''
!-- Configure sediment mass
simSedimentMass= .true.
fs

= 0.4,0.4

sed_porosity = 0.6
/
&aed2_oxygen
oxy_initial = 1
Fsed_oxy = -275
Ksed_oxy = 15
theta_sed_oxy = 1.04
/
&aed2_carbon
!-- DIC & pH
dic_initial = 1600.5
Fsed_dic = 3.0
Ksed_dic = 20.0
theta_sed_dic = 1.08
!Fsed_dic_variable = 'Fsed_dic'
pH_initial = 7.5
atm_co2 = 370e-6 !atm
co2_model = 1
alk_mode = 1
ionic = 0.1
co2_piston_model = 1
!-- CH4
ch4_initial = 27.6
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Rch4ox = 0.01
Kch4ox = 0.5
vTch4ox = 1.08
Fsed_ch4 = 0.5
Ksed_ch4 = 100.0
theta_sed_ch4 = 1.08
methane_reactant_variable = 'OXY_oxy'
!Fsed_ch4_variable = 'Fsed_ch4'
atm_ch4 = 1.76e-6 !atm
ch4_piston_model = 1
/
! SIL: aed2_silica
&aed2_silica
rsi_initial = 12.5
Fsed_rsi = 1.8
Ksed_rsi = 50.0
theta_sed_rsi = 1.08
silica_reactant_variable='OXY_oxy'
/
&aed2_nitrogen
!-- Initial values
amm_initial = 12.7
nit_initial = 23.5
n2o_initial = 23.5
!-- Nitrification
Rnitrif = 0.1
Knitrif = 78.1
theta_nitrif = 1.08
nitrif_reactant_variable = 'OXY_oxy'
nitrif_ph_variable = ''
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simNitrfpH = .false.
Rnh4o2 = 1.0

! sames as Rnitrif?

Rno2o2 = 1.0
!-- N2O reactionss
simN2O = 0
Rn2o = 0.05
Kpart_ammox = 1.0
Kin_deamm = 1.0
atm_n2o = 0.32e-6

! atm

n2o_piston_model = 4
!-- Annamox
Rnh4no2 = 1.0

! same as Ranammox?

Ranammox = 0.001
Kanmx_nit = 2.0
Kanmx_amm = 2.0
!-- De-nitrification
Rdenit = 0.26
Kdenit = 2.0
theta_denit = 1.08
Rdnra = 0.01,
Kdnra_oxy = 2.0,
!-- Atmospheric deposition
simDryDeposition = .true.
atm_din_dd = 0.5
simWetDeposition = .true.
atm_din_conc = 0.5
!-- Sediment fluxes
Fsed_amm = 3.5
Ksed_amm = 25.0
Fsed_nit = -0.5

84
Ksed_nit = 100.0
Fsed_n2o = 0.0
Ksed_n2o = 100.0
theta_sed_amm = 1.08
theta_sed_nit = 1.08
!Fsed_amm_variable = 'SDF_Fsed_amm'
!Fsed_nit_variable = 'SDF_Fsed_nit'
!Fsed_n2o_variable = 'SDF_Fsed_n2o'
/

&aed2_phosphorus
!-- Initial value
frp_initial = 0.1
!-- Sediment flux
Fsed_frp = 0.02
Ksed_frp = 1
theta_sed_frp = 1.05
phosphorus_reactant_variable ='OXY_oxy'
!Fsed_frp_variable ='SDF_Fsed_frp'
!-- PO4 adsorption
simPO4Adsorption = .true.
ads_use_external_tss = .false.
po4sorption_target_variable ='NCS_ss1'
PO4AdsorptionModel = 1
Kpo4p = 0.1
ads_use_pH = .false.
Kadsratio= 1.0
Qmax = 1.0
w_po4ads = -9999

! Note: -9999 links PO4-ad settling to target_variable

!-- Atmospheric deposition
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simDryDeposition = .true.
atm_pip_dd = 0.00
simWetDeposition = .false.
atm_frp_conc = 0.00
/
&aed2_organic_matter
!-- Initial concentrations for OM variables (mmol/m3)
poc_initial = 78.5
doc_initial = 39.9
pon_initial = 8.3
don_initial = 1.3
pop_initial = 8.3
dop_initial = 1.5
docr_initial = 350.0
donr_initial = 13.0
dopr_initial = 3.0
cpom_initial = 100.0
!-- Breakdown and mineralisation (basic pool)
Rpoc_hydrol = 0.05
Rdoc_minerl = 0.001
Rpon_hydrol = 0.05
Rdon_minerl = 0.005
Rpop_hydrol = 0.05
Rdop_minerl = 0.001
theta_hydrol = 1.08
theta_minerl = 1.08
Kpom_hydrol = 31.25
Kdom_minerl = 31.25
simDenitrification = 1
dom_miner_oxy_reactant_var = 'OXY_oxy'
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! dom_miner_no2_reactant_var = 'NIT_no2'
! dom_miner_n2o_reactant_var = 'NIT_n2o'
! dom_miner_fe3_reactant_var = 'GEO_feiii'
! dom_miner_so4_reactant_var = 'GEO_so4'
! dom_miner_ch4_reactant_var = 'CAR_ch4'
doc_miner_product_variable = ''
don_miner_product_variable = 'NIT_amm'
dop_miner_product_variable = 'PHS_frp'
dom_miner_nit_reactant_var = 'NIT_nit'
f_an = 1.
K_nit

= 10.0

! Kin_denitrat

= 20.0

! Kin_denitrit

= 0.297

! Kin_denitrous

= 0.205

! Klim_denitrit

=1

! Klim_denitrous
! Kpart_denitrit

=1
=1

!-- Refractory organic matter (optional)
simRPools = .false.
Rdomr_minerl = 0.0001
Rcpom_bdown = 0.0001
X_cpom_n

= 0.0005

X_cpom_p

= 0.0001

!-- Light related parameters
KeDOM

= 0.000005

KePOM

= 0.00096

KeDOMR

= 0.10000 ! = 1 (assuming KeDOMR is applied to CDOM in /m)

KeCPOM

= 0.00096 ! = 0.08 (/m)/(mg/L) /83.3 (mmol/m3)/(mg/L)

87
simphotolysis = .false. ! .true.
!photo_fmin
photo_c

= 0.75

!-- Particle settling parameters
settling

= 3

w_pom

= -0.06

d_pom

= 1e-5

rho_pom

= 1.2e3

w_cpom

= -0.01

d_cpom

= 1e-5

rho_cpom

= 1.4e3

!-- Sediment interaction parameters (basic model)
resuspension = 0
resus_link = 'NCS_resus'
sedimentOMfrac = 0.0002
Xsc = 0.5
Xsn = 0.05
Xsp = 0.005
Fsed_doc = 0.0
Fsed_don = 0.0
Fsed_dop = 0.0
Ksed_dom = 4.5
theta_sed_dom = 1.08
!Fsed_doc_variable = 'SDF_Fsed_doc'
!Fsed_don_variable = 'SDF_Fsed_don'
!Fsed_dop_variable = 'SDF_Fsed_dop'

!-- Other options

88
extra_diag = .false. !.true.
/
&aed2_phytoplankton
!-- Configure phytoplankton groups to simulate & their settling
num_phytos = 3
the_phytos = 3,7,8
settling

= 1,1,4

!-- Benthic phytoplankton group (microphytobenthos)
do_mpb

= 0

R_mpbg

= 0.50

R_mpbr

= 0.05

I_Kmpb

= 100.00

mpb_max

=1000.00

resuspension = 0.0, 0.0, 0.0
resus_link = ''
n_zones

= 1

active_zones = 1
!-- Set link variables to other modules
p_excretion_target_variable ='OGM_dop'
n_excretion_target_variable ='OGM_don'
c_excretion_target_variable ='OGM_doc'
si_excretion_target_variable=''
p_mortality_target_variable ='OGM_pop'
n_mortality_target_variable ='OGM_pon'
c_mortality_target_variable ='OGM_poc'
si_mortality_target_variable=''
p1_uptake_target_variable ='PHS_frp'
n1_uptake_target_variable ='NIT_nit'
n2_uptake_target_variable ='NIT_amm'
si_uptake_target_variable ='SIL_rsi'
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do_uptake_target_variable ='OXY_oxy'
c_uptake_target_variable ='CAR_dic'
!-- General options
dbase = 'aed2/aed2_phyto_pars.nml'
extra_diag = .true.
!zerolimitfudgefactor = ??
min_rho = 900.0
max_rho = 1200.0
/
&aed2_zooplankton
num_zoops = 1
the_zoops = 1
dn_target_variable = 'OGM_don' ! dissolved nitrogen target variable
pn_target_variable = 'OGM_pon' ! particulate nitrogen target variable
dp_target_variable = 'OGM_dop' ! dissolved phosphorus target variable
pp_target_variable = 'OGM_pop' ! particulate phosphorus target variable
dc_target_variable = 'OGM_doc' ! dissolved carbon target variable
pc_target_variable = 'OGM_poc' ! particulate carbon target variable
dbase='aed2/aed2_zoop_pars.nml'
/
&aed2_totals
TN_vars = 'NIT_nit','NIT_amm','OGM_don','OGM_pon','PHY_green_IN'
TN_varscale = 1.0, 1.0, 1.0, 1.0, 0.15

TP_vars = 'PHS_frp','PHS_frp_ads','OGM_dop','OGM_pop','PHY_green_IP'
TP_varscale = 1.0, 1.0, 1.0, 1.0, 0.01

TOC_vars = 'OGM_doc','OGM_poc','PHY_green','PHY_diatom','PHY_crypto'
TOC_varscale = 1.0, 1.0, 1.0, 1.0, 1.0
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TSS_vars = 'NCS_ss1','PHY_green' !, ....
TSS_varscale = 0.1,0.1
/

!, <vector same length as TSS names>

